The High-Contrast Spectroscopy Testbed for Segmented Telescopes (HCST) in the Exoplanet Technology Laboratory (ET Lab) at Caltech is designed to test the technologies that will enable direct imaging and characterization of exoplanets with future segmented ground-and space-based telescopes. Wavefront sensing and control has been successfully implemented with electric field conjugation (EFC) using the FALCO Matlab package, yielding a baseline raw contrast of 1 × 10 −8 in narrowband light with a Vector Vortex Coronagraph over a clear aperture.
INTRODUCTION
Among the fascinating science cases the next generation of giant telescopes will undertake, both ground-based observatories, such as the Thirty Meter Telescope (TMT), and space-based telescopes, such as NASA's mission concept LUVOIR, direct imaging and characterization of atmospheres of nearby worlds remains one of the most compelling and challenging. Indeed, the contrast required for direct imaging of exoplanets, combined with the fact that large telescopes will likely be segmented, makes this task a colossal technology challenge. The High-Contrast Spectroscopy Testbed for Segmented Telescopes (HCST) is a high-contrast testbed aimed at developing technologies that will enable future imaging and characterization of exoplanets with segmented aperture telescopes. HCST is designed to replicate segmented telescope apertures, state-of-the-art coronagraph and adaptive optics (AO) systems, as well as science instruments, hence making it capable of addressing multiple technological challenges for space-based (LUVOIR, HabEx) and ground-based telescopes (TMT, E-ELT).
One of the main goals of HCST is to develop and test starlight suppression technologies for high-contrast imaging and spectroscopy of exoplanets, and thus improve the sensitivity of future instruments to fainter exoplanets. Demonstrating instrument concepts that will improve the final sensitivity to detecting molecules in exo-atmospheres is a high priority. We aim at demonstrating techniques such as high dispersion coronagraphy (HDC), [1] [2] [3] [4] [5] [6] which combines high-contrast and high resolution spectroscopy to enhance detection of these evasive molecules.
High-contrast experiments have been running intensively at HCST for over a year with very encouraging results. Here we present the current status of HCST, and future plans for improvements and experiments. First, we report on the current layout of the testbed in Sec. 2, and the current wavefront sensing and control (WFSC) Figure 1 . HCST's current layout. At the position of the apodizer, when demonstrating the wavefront control capabilities of HCST, we placed a flat mirror to work with a circular clear aperture configuration, which is the one used for the results shown in Sec. 3. To test the apodized vortex coronagraph for segmented telescopes, we placed the prototype apodizer (see Sec. 4).
capabilities in Sec. 3. In Sec. 4, we give an update on the current experiments in which the first apodized vortex coronagraph 7 is being demonstrated at high-contrast. In Sec. 5 we present the plan for the next experiments at HCST that will consist on doing WFSC with single mode fibers (SMFs). Finally, in Sec. 6 we discuss the upgrades to improve the performance of HCST.
CURRENT LAYOUT
The current layout of HCST can be seen in Fig. 1 . HCST's light source is a supercontinuum white light source (NKT Photonics SuperK EXTREME) that connects to a tunable filter (NKT Photonics SuperK VARIA), with which the wavelength and bandwidth of the light can be selected. The light is fed into the testbed with a single mode fiber (SMF), and then focused on a 5 µm pinhole. The AO system is equipped with a deformable mirror (DM), a Boston Micromachines kilo-DM, with 34×34 actuators. Following the beam, a flat mirror replaces the second DM, which will be included in the AO system in the future. The coronagraph system is a three-plane coronagraph with an apodizer plane, a focal plane mask (FPM), and a Lyot stop. The apodizer plane can either contain an apodizer or a flat mirror to simulate open circular apertures. At the focal plane, a vector vortex coronagraph mask is aligned to the pseudo-star to null its light. Vortex coronagraphs enable high throughput and high-contrast at small angular separations. 8, 9 The Lyot stop blocks ∼93% of the radius of a 16.4 mm beam. The camera is an sCMOS (Andor Neo 5.5).
The testbed is isolated from the environment with a custom-made enclosure consisting of aluminum honeycomb panels designed to create a thermally stable environment, free from air turbulence, as well as with an optical table that provides vibration isolation through active damping. The PSF jitter is within ∼2% of λ/D, but there are some small PSF drifts, caused by small changes in gradients of temperature in the bench, with various orders of movement (from 0.1 to 1λ/D) and different timescales (from a few hours to several days).
WAVEFRONT SENSING AND CONTROL CAPABILITIES

EFC with the FALCO Package
The algorithm used to perform wavefront sensing and control (WFSC) experiments and demonstrate highcontrast is the electric field conjugation (EFC) technique. EFC 10 finds the DM shape that minimizes the electric field at the image plane iteratively. EFC is a model-based algorithm; to obtain an estimate of the electric field, and to solve for optimal DM shape with the Jacobian of the system, an accurate optical model of the testbed is needed. The Jacobian contains the effect of each DM actuator on the electric field at the image plane. This technique has been demonstrated extensively on different testbeds, 11 and it is baselined to be the wavefront control algorithm used for the WFIRST-CGI. 12 All EFC experiments are run using the Matlab Fast Linear Least-Squares Coronagraph Optimization (FALCO) software package 13 * , an open source toolbox to run testbeds, perform simulations, or do coronagraph design. FALCO provides a modular architecture, with the wavefront sensing modules included to perform the estimation of the electric field. One of the main advantages to using FALCO is the rapid computation of the Jacobian.
Narrowband Clear Aperture Experiments
The first EFC demonstration was with an open clear circular aperture configuration, i.e. without a segmented aperture or an apodizer. First, we tested for narrowband light, ∼1% bandwidth at 775 nm. Before performing wavefront control, since EFC is greatly influenced by the accuracy of the optical model of the testbed, extensive work had to be done in this regard prior to reaching HCST's best WFSC capabilities. DM registration and characterization is crucial for a good EFC performance. Using our Zernike Wavefront Sensor (ZWFS), 14, 15 we are able to get an accurate registration of the DM actuators, i.e. their relative position with respect to the beam. Pupil imaging gives us the ability to determine the amplitude errors at the pupil plane. Next, a good understanding of polarization in the system was also crucial to reduce incoherent light. We were able to deal with polarization aberrations and leakage after a thorough inspection of several optics, and with a reconfiguration of the input light source. Furthermore, image sharpening via Zernike tuning with the DM, and with a full-controlarea EFC, set the wavefront to an almost-flat starting point, ¡0.01 waves RMS.
Narrowband experiments yield an average raw contrast in the dark hole, i.e. the area in the image plane in which the electric field is nulled, of 10 −8 levels. For a 60 • arc dark hole, from 6 λ/D to 10 λ/D, the resulting average raw contrast is 1×10 −8 . The DM shape we obtained, and its corresponding dark hole, are shown in Fig. 2 . Because we only have one DM, we can only dig one-sided dark holes with the current configuration at HCST.
Broadband Clear Aperture Experiments
Broadband EFC relies on the same principle as regular monochromatic EFC, with the main difference being that the minimization is performed for the DM shape that minimizes several wavelengths at the same time. FALCO allows for easily running broadband EFC. Our broadband experiments are at 10% bandwidth at 775 nm, in which the control is made to work with 3 wavelengths over the bandpass. The NKT VARIA is controlled to select between different wavelengths during the EFC run. Broadband WFSC presents its own challenges. Accounting for chromatic errors in the system is harder, as the mismatch between the model used for EFC and the real physical testbed is harder to overcome. However, given the quality of the optics, Lyot stop, and the extensive characterization we carried out for the narrowband demonstration, the expected results were obtained without much further work. Again, average raw contrast reaches levels of 10 −8 , however, current limitations on the testbed hinder our WFSC capabilities for broadband light, making it harder with respect to narrowband WFSC. The 60 • arc dark hole, with radius from 6 λ/D to 10 λ/D, yields a raw contrast of 3×10 −8 . Fig. 3 shows a broadband coronagraphic PSF from one of the EFC runs.
The factor of ∼3 difference between the achieved raw contrast with narrowband light and broadband light is probably due to chromatic errors within the system that are not well accounted in the Jacobian of the system when performing wavefront control with EFC.
System Identification at HCST
System Identification, or System ID, is an algorithm aimed at building mathematical models of physical systems, which was first applied to WFSC for high contrast imaging by Sun et al. (2019) . 16 In this approach, System ID aims at improving the Jacobian of the system to account for model errors. The performance of EFC relies heavily on the accuracy of the optical model of the system; a model is needed for performing both the estimation of the electric field and the control of the wavefront. Via alignment and calibration, the numerical model can be improved. However, given the complexity of the system, these procedures have intrinsic uncertainties, which makes the resulting Jacobian imperfect.
A system ID algorithm helps with model uncertainty by using a neural network that iteratively optimizes the Jacobian. The model parameters are estimated as hidden variables within the neural network, and accounted in the resulting Jacobian to minimize the chosen cost function, e.g. the raw contrast. We use the Variational Learning (VL) algorithm with the TensorFlow Python package † to perform the optimization, and FALCO to perform the WFSC. The flowchart of the algorithm used in the System ID implementation at HCST can be seen in Fig. 4 . EFC is run for a few iterations, in which all data is saved, i.e. all images and DM commands for both sensing and control steps, then, after EFC has run, this data is sent to the VL optimization, where the neural network, provided with a model of the physical processes based on Fourier optics, computes an improved Jacobian.
System ID was successfully implemented at HCST, providing gains in terms of final raw contrast of a factor of ∼3, after 10 iterations of EFC. Another approach is to make System ID find an optimized DM actuator relative gain map, instead of trying to find the full Jacobian. The DM actuator relative gain map accounts for the effect that each DM actuator has on the image plane relative to one another, this variable has an important impact on the Jacobian. This approach was successful in providing a new gain map, which has a similar appearance to the map obtained with the ZWFS. Although this approach did not help with a better final raw contrast after a full run of EFC, a faster convergence was achieved, and thus the WFSC performance was improved. A faster control directly implies more time for science target exposure.
THE APODIZED VORTEX CORONAGRAPH EXPERIMENTS
In this section we discuss the preliminary results of the apodized vortex coronagraph (AVC) concept demonstration.
AVC concept
The levels of contrast required to directly image and characterize faint exoplanets is a tremendous task, especially when aiming at rocky companions orbiting Sun-like stars. For instance, the contrast required to image an Earthlike exoplanet around a Sun-like star is approximately of 1×10 −10 . To make things worse, telescopes big enough to tackle this science case will most likely be segmented, which makes reaching high-contrast even more difficult. Indeed, discontinuities of any kind in the pupil, e.g. segmentation, an on-axis secondary mirror, or support structures, are very detrimental in terms of unwanted diffraction; the DM can hardly correct these kinds of errors without throwing away the sensitivity to circumstellar objects.
However, over the last decade, an array of clever solutions has been proposed to deal with these kinds of discontinuities. 7, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] For instance, the AVC handles the diffraction by apodizing the pupil plane upstream of a vortex coronagraph to create an area around the star free from diffraction artifacts resulting from segmentation. 7 The design of the apodizer is based on a gray-scaled apodization pattern numerically optimized to yield enhanced sensitivity to close-in circumstellar objects.
Simulations comparing the AVC concept to an unapodized segmented pupil in the style of LUVOIR-B show a significant improvement in terms of raw contrast achieved. In Fig. 5 we show two simulations of an HCST experiment using an unapodized segmented aperture versus the AVC design for the same aperture. The gains in terms of raw contrast are clear from the beginning; before running wavefront control, the apodizer is able to cancel the diffraction spikes that appear due to the hexagonal segmentation of a LUVOIR-B type aperture. This eases control by the DM, resulting in an improved final raw contrast. 
Laboratory results at HCST
A prototype was fabricated by Opto-Line to be tested at HCST and thus demonstrate the AVC concept for high-contrast imaging. Fig. 6 shows a prototype of the apodizer for these experiments. The gray-scale effect is achieved with the microdot technique, in which reflective gold microdots are evaporated onto the surface of the substrate. The approximate size of these microdots is ∼10 µm. The substrate is transmissive, made of AR-coated fused silica.
The result for a typical EFC run with the AVC at HCST with monochromatic light at 780 nm is shown in Fig. 7 : on the left, the average raw contrast on the dark hole versus wavefront control iteration, and on the right, the resulting dark hole. Preliminary results of running EFC with the AVC consistently yield raw contrast levels of 10 −8 . A raw contrast of ∼ 2 × 10 −8 is achieved for a 60 • arc dark hole, with radius from 6 λ/D to 10 λ/D.
FIBER INJECTION UNIT EXPERIMENTS
Following the AVC laboratory demonstrations, our plan for future experiments involves a fiber injection unit (FIU) for experiments with single mode fibers (SMFs). The motivation for using single mode fibers in highcontrast imaging and spectroscopy of exoplanets comes from the modal selectivity of a SMF. Indeed, a planet HCST's layout after current plans to add a fiber injection unit (FIU) for wavefront control experiments with single mode fibers, and introducing upgrades to improve the performance of the testbed. With the FIU we plan to do wavefront sensing and control through a single mode fiber 6, 28 to reach high levels of contrast, better that 10 −8 , for broadband light. 29 aligned with the SMF in the image plane will couple better than the stellar speckles, which allows for immediate improvement of unwanted stellar light rejection. The planet light is then sent to a spectrograph, with the hope of detecting molecular species of the exo-atmosphere, as conceived by the HDC concept. 5 We previously demonstrated in the laboratory wavefront control over a SMF to minimize the coupling of speckles through the fiber, with a technique based on speckle nulling, 6 and recently with a modified version of EFC. 28 The layout of the FIU at HCST can be seen in Fig. 8 . After the field stop (see Sec. 6) the light is collimated, circularly analyzed, and, with a beamsplitter plate, sent into the SMF. A lens to match the F/# of the SMF focuses the light onto the tip of the fiber. The HCST camera is used as a tracking camera. To calibrate the position of the fiber with the tracking camera, a corner cube acts as a retroreflector, so that the FIU can back-feed light into the system, which is focused into the camera indicating the position of the SMF.
The first experiment planned with the FIU is to perform WFSC with a SMF, and achieve high levels of contrast for broad bandwidths through the fiber. We demonstrated a modified version of EFC that controls the coupled speckles that go through a fiber to achieve improved speckle suppression with respect to conventional EFC. 28 This modified version of EFC works with a similar mathematical formalism that, instead of working with the electric field at the pixels in the image plane, accounts for the coupling of the fiber, i.e. the overlap integral of the electric field with the fundamental mode of the fiber. Hence, in this case we work with one element, or fibxel, instead of with several conventional pixels. Previous experiments were performed at the transmissive version of HCST, with a lower order DM, and overall lower quality optics. We thus plan to demonstrate this technique for higher levels of contrast, and broader bandwidth. Simulations show that we will break the 10 −8 raw contrast barrier through the SMF; we expect to reach levels of SMF raw contrast 28 of 10 −9 with 10% broadband light at 775 nm. For these experiments we will use FALCO, as it already includes the modified version of EFC for SMFs.
Following the single SMF experiments, we plan to demonstrate the multi-object WFSC via SMFs (see Coker et al., these proceedings) . This concept consists on placing several SMFs over an arbitrary number of circumstellar objects to feed their light into a spectrograph after performing WFSC simultaneously over the SMFs. 29 The prototype multi-SMFs fiber bundle has already been delivered to the laboratory, manufactured by Chiral Photonics. The WFSC algorithm, a modified version of EFC that performs control over more than one fibxel, is included in FALCO, and has been tested in simulation.
UPGRADES TO HCST
In this section we present the upgrades being worked on to improve the performance of HCST:
Source Reconfiguration: The source mount is the most probable cause of the PSF drifts in the testbed, so we plan on rebuilding it to make it more stable. The new source architecture will be more robust, without a 3-axis mount, and without the current standing rail structure in which the input fiber, the circular polarizer, and the pinhole are mounted. We plan on adding actuated rotation stages for the circular analyzer, and circular polarizer, to get better control of the polarization state through the testbed.
Field Stop: A field stop will be added at the image plane where the camera sits at the moment (see Fig. 8 ). With this change in the setup we aim to avoid ghosts in the system. The field stop blocks the bright parts of the field only letting through the area of interest that contains the dark hole. The camera we use has a glass window to allow cooling, which is prone to sending light back into the system, as well as inducing internal reflections within the camera. Furthermore, we want to be able to move the circular analyzer, consisting of two transmissive optics, downstream of the field stop.
Low Order Aberration Sensing and Control: Given that the apodizer substrate is transmissive, we plan on having a lens focus the collimated light that passes through the apodizer and focus is onto a small pixel camera to track the movement of the PSF (see Fig. 8 ). We will tip/tilt control the beam with a fast steering piezo actuator manufactured by Physics Instrument (PI), already available in the laboratory.
Environmental Sensing: A system of eight independent environmental sensors will be placed across the bench to track temperature, humidity, and 3-axis acceleration. A map of these variables throughout a wavefront control run will inform us on how the environment affects our performance. Furthermore, logging the state of the air in this way gives a start on learning how to incorporate environmental data into predictive control algorithms in the future.
CONCLUSION
Wavefront control at HCST has successfully demonstrated very high levels of contrast. The first demonstrations with a circular unobstructed aperture configuration consistently yield a raw contrast of 1×10 −8 for narrowband light at 775 nm for a 60 • arc dark hole, from 6 λ/D to 10 λ/D, and 3×10 −8 for 10% broadband light at 775 nm for the same dark hole. We have demonstrated the apodized vortex coronagraph concept that corrects for segmentation in the pupil to high levels of contrast (∼2×10 −8 in laser light at 780 nm). This demonstration paves the way for a new family of coronagraphs that yield better sensitivity to exoplanets in the case of segmented telescope apertures, like the cases of future large telescopes TMT and LUVOIR. We are currently working on improving the performance of HCST. Limitations to the performance include a combination of model uncertainty, PSF jitter and drift, ghosts from back reflections in the system and incoherent light, polarization aberration issues and leakage, and the least significant bit of the DM electronics. Plans to address these challenges include further work on the system ID algorithm to tackle the model mismatch problem, including a low order wavefront sensor, adding actuated rotation stages to the circular polarizer and circular analyzer, and adding a field stop to mitigate ghosts.
